ABSTRACT. The carbonate hydrochemistry of groundwater from the Hvinningdal aquifer (Denmark) was studied by radiocarbon (accelerator mass spectrometry (AMS)) and 613C measurements as a preliminary step towards 14C groundwater dating. The 14C concentrations varied between 30 and 100 percent modern carbon (pMC) in apparent contradiction with tritium (3H) data, which in most cases indicate a post-bomb date. The dilution of 14C can be explained as being due to the combined effect of dissolution of old soil carbonate and oxidation of old organic carbon. The last effect proved to be essential. To calculate this correction the dissolved oxygen concentration was used together with the 613C values. The combined corrections bring the 14C concentrations up to post-bomb levels in better agreement with the 3H data.
INTRODUCTION
In Denmark the planning of future uses of water resources is becoming increasingly important due to the endangering impact of anthropogenic activities on groundwater resources. The planning depends critically on information on ages of groundwater reservoirs. Age data can be obtained from radiocarbon measurements, but since chemical processes (e.g., dissolution of fossil carbonate) will influence the 14C concentration, it is important that the hydrochemical evolution of the groundwater carbonate system is fully understood (Mook 1980) . Until recently, no 14C measurements had been performed on Danish groundwater. The present research was initiated to investigate the hydrochemistry of Danish groundwater of known (recent) age via carbon isotope measurements (14C by accelerator mass spectrometry (AMS) and S13C). Our goal is to apply the knowledge gained here to date older groundwaters. As a test case we have chosen the Hvinningdal aquifer in central Jutland, Denmark, which is known to contain young, bomb-produced tritium groundwater.
The Aquifer
The Hvinningdal aquifer is part of one of the largest groundwater reservoirs in Denmark (Thorling et al. 1995) . It is located in a raised plain (80 m above sea level (asl)) that descends towards the site of the waterworks (30 m asl). The average local precipitation is 800 mm a-1 and the recharge is ca. 400 mm a-1. The water abstraction is extensive, ca. 3 million m3 a-1. The matrix consists of tertiary quartz sand covered by quaternary meltwater sand/gravel with moraine deposits on top. The aquifer is hydraulically connected, but inhomogeneous, as evidenced by the different chemical composition of the water from different wells. The matrix is almost carbonate-free, but contains scattered deposits of lignite (brown coal) and reworked black organic material of tertiary origin. The water temperature is in the range 8-10°C. The groundwater is soft and acidic (pH typically ca. 6). Since there is good contact with the atmosphere throughout the unsaturated zone, the oxygen content in the first few meters below the groundwater conductivity. The samples were normally filtered through a 0.45 µm polycarbonate filter to stop suspended particles. To investigate whether the omission of such filter might influence the 14C concentration of the sample, parallel samples were taken with and without a filter: the difference in 14C concentration between parallel samples was at most 2.6 percent modern carbon which i (pMC), is less than the scatter due to the sampling procedure. The water samples were collected in 0.5 L brown glass bottles. Since the CO extraction was made within a few days after sample collection, it was not considered necessary to add poison (HgCl2) to the samples. The CO was extracted with N2 gas after acidification with 4 mL 85% phosphoric acid. Part of the CO2 was converted to graphite for AMS 14C measurement with the EN tandem accelerator at the University of Aarhus, and a fraction was used for b13C measurement by conventional mass spectrometry at the Science Institute, Reykjavik, Iceland. The 3H concentrations were measured by liquid scintillation counting (LSC) after enrichment (±0.5 TU). For normalization u ose p rp s the data were decay corrected to 1990 and not to the date of sampling. However, this is sufficiently precise for our purpose, since we only use the 3H data to distinguish re-bomb from post-bomb water. Oxygen concentration (mgIL) .N 15 The corrected values Ad are listed in Table 1 . Note that low values of Ad are correlated with low oxygen concentrations (Fig. 2) . The correlation leads us to propose that oxidation of fossil organic carbon in the aquifer matrix by dissolved oxygen might cause further dilution of 14C. After correctin for the effect of organic matter, the effect of fossil-carbonate g e was also evaluated. In order to quantify the effect of organic matter, we assume an original oxygen content of 12 mg L102 and that the "missing" oxygen in the actual water samples has been used to produce CO2 in the reaction Cog +02= CO2.
(2) Thus, the fraction F of total inorganic carbon in the groundwater coming from oxidation of old organic carbon is 0 D where [1C02] and [O2] are the measured concentrations in mg L-1; the factor 1.38 is the ratio of molecular weights. ff we furthermore assume 613C = -25%o for the old organic carbon, the 14C activity corrected for both carbonate dissolution and organic carbon oxidation, Ann, becomes Acorr = Am(-25)/(6i3Cm+25F).
The corrected values are listed in Table 1 . Figure 3 shows The 3H concentration of the samples from wells #16,17 and 18 is below the detection limit showing that the water is pre-bomb. If we accept the above model leading to the corrected 14C activities Ann of 96,109 and 125 pMC, respectively, we may conclude that the water is of recent origin. However, in view of the uncertainty of the assumptions underlying the model it can only be said that the ages of these waters are of the same order of magnitude as the rest of the samples. These waters are therefore not older than several hundred years. CONCLUSION We have shown that it is possible to adjust the measured 14C concentrations of groundwater carbonate from the Hvinningdal aquifer for the dilution with 14C-free carbonate. Our model takes into account 1) dissolution of fossil soil carbonate by soil carbon dioxide, and 2) oxidation of fossil organic carbon by dissolved oxygen. We have shown that the effect of the latter can be significant for 14C groundwater dating and the fact that the corrected 14C ages agree with the presence of 3H indicates that the assumptions taken into account for the model are justified. The problem of the possible effect of nitrate on the model is discussed but should be the subject of further research.
